Abstract: Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) and thin-layer chromatography (TLC) have been used to study dopamine and iron mediated freeradical transformation of lipids in their hydrophilic parts. It has been shown that the action of the dopamine/Fe 2+ system on galactocerebroside or cardiolipin, which are the components of mixed micelles, results in formation of ceramide or phosphatidic acid and phosphatidylhydroxyacetone, respectively. These data, when combined with results obtained using the ascorbate/Fe 2+ /H 2 O 2 oxidizing system with the same substrates, demonstrate that the formation of these products proceeds via an OH-radical induced fragmentation taking place in polar moiety of the starting lipids.
Introduction
Dopamine (DA) is a neurotransmitter, but accumulating evidence indicates that DA may also act as a neurotoxin and thereby participates in the neurodegenerative process [1] [2] [3] [4] [5] . The mechanism of DA neurotoxicity is linked to oxidative metabolism. With respect to its molecular structure, DA contains an unstable catechol moiety. DA can be oxidized spontaneously or through an enzyme-catalyzed reaction to form reactive oxygen species (ROS) and quinones [1, 6, 7] . These oxidation products can damage cellular components such as lipids, proteins, and DNA. In addition, iron ions accelerates the oxidation of DA [8, 10] . It has been shown that DA induces lipid peroxidation in the presence of iron ions [9, 10] .
Previously, we have shown that lipids with structures containing a free hydroxyl group in β-position to the phosphoester, amide or glycoside bonds undergo, along with peroxidation, a free-radical fragmentation process [1, 11, 12, [14] [15] [16] . This process occurs in the polar part of the lipid and leads to lipid destruction due to rupture of phosphoester, amide or glycoside bonds. This fragmentation process was initiated either by γ-irradiation or by a mixture of Fe 2+ and hydrogen peroxide.
The purpose of the present study was to investigate free-radical fragmentation of lipids in systems containing dopamine and iron ions. This study will analyze the fragmentation of cerebrosides, which belong to the most important lipids of the central nervous system and constitute up to 20% of the total of polar lipids [17] , and cardiolipin, which is the important lipid of mitochondria. Specifially, these experiments were performed using the following substrates as examples: N-lauroyl galactosylceramide (LGalCer) and tetramyristoylcardiolipin (TMCL) as components of micelles, in which maximal exposition of polar groups in the aqueous phase is reached.
Experimental procedures
All lipids used in work were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). Dimyristoylphosphatidylhydroxyacetone (DMPHA) was prepared from dimyristoylphosphatidylcholine by phospholipase D-catalyzed transphosphatidylation reaction [18] using hydroxyacetone as acceptor.
The mixed micelles were prepared as follows. TMCL or LGalCer solutions in chloroform were carefully evaporated in a rotary evaporator, and the samples were kept under vacuum for at least 1 h to ensure a complete removal of solvent. To the lipid film thus formed, an appropriate quantity of phosphate buffer (pH 7.4) containing 0.04 M sodium dodecyl sulphate (SDS) was added, and a thorough vortexing was performed at 35
• C. Lipids were extracted from the samples by mixing the micelles with a 2-fold excess of chloroform-methanol mixture (2:1, v/v). Prior to extraction, ethylenediaminetetraacetic acid (10 mM) was added to the mixed micelles to chelate iron cations. The solution was then stirred vigorously and left to stand for 30 min. The lower chloroform layer was concentrated and used for direct MS or applied onto thin-layer chromatography (TLC) plates (silica gel G 60). In the case of TMCL, the plates were developed in the solvent mixture chloroform/methanol/25% aqueous ammonia (65:35:8, v/v/v). Lipids spots on TLC plates were identified under UV light (λ = 366 nm) after spraying with primuline solution (5 mg of primuline was dissolved in 100 ml of acetone-water (4:1, v/v)). Primuline was used to avoid lipid degradation. Thus, lipids extracted from Silica gel can be further analyzed by means of mass spectrometry. Extraction of lipids from TLC silica gel was performed as described previously [14] .
All matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectra were acquired on Bruker Daltonics workstation (Bruker Daltonik GmbH, Germany). The system utilizes a pulsed nitrogen laser, emitting at λ = 337 nm. The pressure in the ion chamber was held between 1 · 10 −7 and 4 · 10 −7 Torr. All measurements were done under delayed extraction conditions (DE-mode), improving both mass accuracy and mass resolution. The extraction voltage was 20 kV. All lipid spectra were acquired using a low-mass gate at 300 Da to avoid most of matrix peaks.
To enhance the spectral resolution all spectra were recoded in the reflector mode, so that the total a field-free time-of-flight distance was 2 m. To enhance the reproducibility, 128 single shots from the laser were averaged for each mass spectrum. In general, the laser power was kept about 10% over threshold to obtain the best signal quality with low noise.
The matrix selected for these experiments was 0.5 M 2,5-dihydroxybenzoic acid (DHB) in methanol containing 0.1% trifluoroacetic acid. The appropriate amounts of lipid stock solutions and the DHB solution (1:1, v/v) were premixed in a small glass vial (a homogeneous mixture is critical for good crystallization) and 1 μl of the resulting mixture was applied onto the sample plate. The samples were rapidly dried under a warm stream of air in order to remove the organic solvent as fast as possible. This procedure afforded the best crystallization properties and led to a considerable increase in reproducibility of the spectra.
An internal mass calibration was done in the positive ion mode by setting the base peak of the matrix substance DHB to its appropriate value of m/z = 155.034 [M + H] + .
Results
To elucidate the action of DA and iron ions on cerebrosides, mixed micelles of N-lauroyl galactosylceramide and SDS containing DA/Fe 2+ (Fe 3+ ) in various ratios were incubated for 5 h. The incubation mixtures used in control experiments did not contain DA and Fe ions. After incubation and extraction of lipids, the samples were analyzed using MALDI-TOF MS. The spectrum of an extract of untreated LGalCer (M r = 643.5) micelles is shown in Fig. 1a . Four peaks appeared in the mass region from 600 to 700 Da in the mass spectrum corresponding exclusively to the original lipid. The main peak in the spectrum of LGalCer is located at m/z 666.5. It corresponds to an adduct of the starting lipid molecule with a sodium ion. The other three peaks at m/z 626.5, 648.5 and 682.5 have smaller intensities as compared to the main peak. The first of these peaks corresponds to a protonated and dehydrated molecule of the cerebroside, the second one corresponds to a complex of the dehydrated molecule with a sodium ion and the third one -to the cerebroside molecule "cationized" with a potassium ion. The assignment of these peaks is given in Table 1 . Similar spectra (not shown) were obtained for extracts of LGalCer micelles incubated with Fe 2+ ions or DA only. LCer + H 487. 4 (DHB + SDS) -H + 2 Na 504. 4 LCer + Na 520. 4 LCer + K 551 3 DHB -3 H + 4 Na 599. 4 2 SDS + Na 626.5 (
LGalCer -H 2 O) + H 648.5 (
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The addition of a DA/Fe 2+ mixture to LGalCer micelles generates some new peaks in the low-molecular spectral region. The highest intensity was noted for the peak at 464.4 (Fig. 1b) . This peak was also observed in the spectrum of the N-lauroyl ceramide (LCer) standard dissolved in chloroform (Fig. 1c) . There are three more peaks in the spectrum of standard LCer: at 482.5, 504.4 and 520.4 (see Fig. 1c and Table 1 ). The peaks at 482.5 and 504.4 were also observed in the spectrum of extracts of the LGalCer micelles after incubation with the DA/ Fe 2+ system (Fig. 1b) .
The highest intensity of the new peaks in the spectra of extracts was detected when the substrates were treated with DA/Fe 2+ in molar ratios of 3:1 and 1:1, at DA concentrations in the range from 3 to 5 mM. When the DA/Fe 2+ system was used in ratios of 5:1 and 10:1, at DA concentration 10 mM, the lowest intensity of the new peaks in the spectra of extracts was detected. It is noteworthy, that the peaks at 464.4, 482.5, and 504.4 appeared also in the spectrum of a chloroform extract of LGalCer micelles incubated with the ascorbate/Fe (Fig. 1d) . The absence of any peaks that can be attributed to adducts of ceramide in the spectrum of control sample disproves the possibility of their formation under the action of laser beam within the instrument. Moreover, under our experimental conditions, no peaks analogous to those of LCer standard were detected in samples incubated with the mixture DA/Fe 3+ , or containing only DA or only Fe 3+ .
Cardiolipin, which contains saturated acyl residues (i.e. TMCL) in the hydrophobic layer, was also selected as substrate to investigate effects of the DA/Fe 2+ (Fe 3+ ) system on phospholipids. This chemical was selected because this phospholipid is a poor substrate for lipid peroxidation reactions; therefore, possible effects of processes occurring in the hydrophobic part of the lipid on those realized in its polar part will be minimized. A combination of TLC and MALDI-TOF MS was used to analyze the micellar solution of TMCL treated with the DA/Fe 2+ system. This method was used to analyze a large number of peaks that was observed in the low-molecular spectral region of this extract. TLC allowed separation of products from the starting substrate and a more reliable interpretation of the spectra. In the case of the non-treated sample, only the starting TMCL was identified in the chromatogram. In extracts of micelles incubated with the DA/Fe 2+ system, besides the starting lipid at R f = 0.57, two more chromatographic zones appear at R f = 0.08 and 0.81. The first of these R f values corresponds to that of dimyristoylphosphatidic acid (DMPA) standard, and the second -to that of DMPHA standard. Phospholipids were extracted from these zones and analyzed by means of MALDI-TOF MS. The spectrum of the product with R f = 0.08, in which the main peaks (615.4 and 637.4) correspond to DMPA adducts ((DMPA + 2H + Na) and (DMPA + H + Na), respectively), is shown in Fig. 2a . In Fig. 2b , the spectrum of zone with R f = 0.81 is presented. The main peaks in this spectrum correspond to cationized DMPHA species: 671.4 (DMPHA + H + Na), 693.4 (DMPHA + H + K) and 709.4 (DMPHA + Na + K). In the spectra of eluates from the respective zones in chromatograms of control samples (Fig. 2c) , as well as in spectra of extracts of TMCL micelles treated with the DA/Fe 3+ mixture, or with DA only, or Fe 2+ only, no peaks attributable to adducts of DMPA and DMPHA were detected under the experimental conditions used. In cases of TMCL, the same products were detected after incubation with either ascorbate/Fe
Discussion
The action of the DA/Fe 2+ mixture on the micelles prepared from LGalCer or TMCL, results in formation of new lipids with masses lower than those of the starting substances. In the case of the LGalCer, N-lauroyl ceramide was formed, while dimyristoylphosphatidic acid and dimyristoylphosphatidylhydroxyacetone formed from TMCL. Similar products were identified after treatment of the above mentioned micelles with the ascorbate/Fe
No new peaks were formed in mass spectra in samples containing only DA, Fe 2+ , or using a DA/Fe 3+ mixture. Through the investigation of radiation-induced transformations of phospholipids, it has been established [11, 13, 14] that the lipids which possess hydroxyl groups in their structures undergo fragmentation resulting in the formation of products with lower molecular masses. The initiators of lipid destruction processes of such kind are
• OH radicals formed on radiolysis of water. We observed similar effects [16] when lipids were treated with the Fenton's reagent, which is an effective supplier of the • OH species.
It has been shown in a number of studies [1, 6, 7, 19, 20] that oxidation of DA is accompanied by the generation of ROS. Electrochemical analysis have shown [6] that oxygen consumption in a system containing DA is accompanied by accumulation of H 2 O 2 . Autooxidation of DA results in the generation of quinones (DQ) and H 2 O 2 in a timedependent manner [19] . In the presence of Fe 2+ , H 2 O 2 is consumed in the Fenton's reaction with the formation of the highly reactive hydroxyl radicals (Fig. 3) .
Fig. 3
Formation of ROS at autooxidation of dopamine in the presence of ferrous ions [19] .
At interaction with lipids, the • OH species, due to their high reactivity, can provoke formation of various radicals from the starting substances. Properties of radical intermediates generated from lipids were studied using various selective and non-selective methods [12] . It has been established [12] that carbon-centered α-hydroxyl-containing radicals formed from lipids are primarily responsible for the fragmentation process. Taking into account the experimentally established facts mentioned above, the DA/Fe 2+ system, which produces • OH radicals according to Fig. 3 , can induce fragmentation of
LGalCer according to Fig. 4 , and fragmentation of TMCL according to Fig. 5 . Realization of these processes leads to formation of ceramide (Fig. 4) , or DMPA and DMPHA (Fig. 5 ), which were identified as the main products of transformations induced in the respective lipids by the DA/Fe 2+ reagent. The low intensity of new peaks in the spectra of samples treated with DA/Fe 2+ having a high DA concentration can be caused by antioxidant properties of the dopamine [21] . It is known [22] that DA reacts with • OH radicals very rapidly (rate constant = 5 · 10 9 M −1 s −1 ). Moreover, an increase in DA concentration will favor the formation of its oxidation product -the corresponding quinone -according to Fig. 3 . The latter was shown [23] to inhibit free-radical fragmentation processes, which occur according to a mechanism analogous to that presented in Figures 4 and 5. Thus, dopamine may act in our in vitro system as prooxidant at low concentration together with Fe 2+ , while it exhibits antioxidant properties at higher concentration. 
Conclusion
The action of DA/Fe 2+ on galactocerebroside or cardiolipin as components of aqueous supramolecular structures leads to free-radical fragmentation of the lipids. The freeradical fragmentation results not only in the destruction of cerebroside or cardiolipin but in the formation of a new bioactive lipid -ceramide or phosphatidic acid. The former is a key mediator of apoptosis [24] , whereas the latter is involved in the activation of cellular kinases and phospholipases as well as NADPH oxidase which generates superoxide radical [25] . One can suppose that the lipid fragmentation reaction initiated by the DA/ Fe 2+ mixture, which occurs in the model systems, could takes place in nervous tissue. If this assumption is confirmed, the reaction of free-radical fragmentation of lipids might be considered as one of the mechanisms by which the DA neurotoxicity is manifested.
